
Draft (April, 2004): please do not cite, distribute or post on the internet.

Predicting and evaluating compaction in forest soils of British Columbia: concepts,
methods, and an approach for improving soil conservation in managed forests.
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Abstract
We present a conceptual approach for an integrated system to evaluate soil physical
conditions and the effect of forest management on the productivity of BC’s forests. The
proposed approach addresses the need for improved methods both to prevent compaction
and to better interpret soil compaction status. Our efforts complement existing systems
for evaluating soil compaction hazard, soil disturbance following mechanized harvesting
operations, and the need for soil rehabilitation treatments. Existing methods used for site
assessment, in compliance and enforcement efforts and routine effectiveness evaluations
generally do not require special instruments, rely primarily on visual evaluations, are
relatively easy to learn, and provide a common means to evaluate site sensitivity before
harvest and soil disturbance following harvesting or other forest management activities.
We propose descriptive methods that could be used at the planning stage to better reflect
the large range in soil physical properties and behaviour observed even for sites where
soils have similar compaction hazard ratings. In addition, our proposed methods for
compaction evaluation offer enhanced interpretations, but are more time consuming,
require the use of specialized instruments, and more training is required to ensure reliable
data collection and interpretation. We describe the scientific rationale for the new testing
methods, outline their use and limitations, and discuss the information needs and next
steps for introducing such a system for managing compaction in British Columbia’s
forests.
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Introduction
In recent years, increasing concern has been expressed regarding the extent to which
forestry practices are sustainable. Attention has particularly focused on the effect that
modern forestry practices have on fundamental values such as soils, water quality and
ecosystem stability (e.g. measures of biodiversity). Soil compaction is a key factor
whereby management activities can cause significant damage to ecosystems, and such
damage can be widespread and long-lasting, given the increasing amounts of land
affected by modern forest management (Kozlowski, 1999). To address such concerns,
improved information on ecosystem conditions is needed, along with a description of the
range of values for key indicators associated with proper functioning of biotic and abiotic
ecosystem components.

At the same time as concern for ecosystem integrity has increased, the need to identify
cost-effective methods for harvesting timber has also grown, primarily in response to
market pressures. Recently in British Columbia, regulatory change has led to adoption of
a results-based approach to forest management, where planning and implementing forest
practices are carried out in consideration of a wider range of alternatives than may have
occurred previously. New and innovative approaches can be introduced in a more
streamlined regulatory environment, provided that their effectiveness can be validated by
results, or by describing the scientific basis underlying the approach.

Soil productivity and hydrologic function is identified as a key environmental value in the
Forest and Range Practices Act. To ensure that the needs of results-based management
are consistent with the goals of sustainable management of the soils resource, the results-
based approach relies on effectiveness evaluations to measure the effects of forest
practices on a range of soil properties and, ultimately, productivity. Validation (research)
is needed to develop the linkage between soil disturbance at the time of harvest and long-
term productivity effects – this process takes at least 15 years.

Currently, pre-harvest site assessments aimed at determining the compaction hazard rely
almost entirely on the soil texture and coarse fragment contents, along with the site
moisture regime (BC Ministry of Forests Hazard Assessment Guidebook). Descriptions
of conditions considered appropriate for trafficking at the time of harvest (e.g. “dry or
frozen ground”) are often generic and ill-defined. Improved methods for reliably
determining the state of soil as it relates to trafficability and compactability are needed.

Routine compliance / enforcement inspections, effectiveness evaluations, and audits rely
on visual measures of soil disturbance (BC Ministry of Soil Conservation Surveys
Guidebook). In addition to these assessments, there is a need for enhanced compaction
evaluation methodologies, which could be applied where more detailed knowledge of
compaction effects on productivity is needed because of:

- high ecosystem values and / or intense public interest,
- compliance and enforcement actions that lead to legal proceedings
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- efforts on behalf of the forest industry to evaluate innovative harvesting
techniques

- efforts by government staff to improve the scientific basis of soil conservation
policy.

This manuscript explores a range of methods that could be used to better describe the
physical state of soil, and improve soil conservation. We provide a) a discussion of
concepts for predicting and evaluating soil compaction in BC’s forests, b) an outline of an
integrated system for their use, c) field and lab methodology, and d) next steps required
for expanding their use in British Columbia

Concepts for predicting and preventing soil compaction
Currently in British Columbia, compaction hazard assessment relies primarily on
determining coarse fragment content and soil texture: fine textured soils, and those with
few coarse fragments are considered more susceptible to compaction than stony and
coarse textured soil. Also, sites with hygric and wetter soil moisture regime have very
high compaction hazard. This approach works well in general. However, there is still a
large range in soil physical properties and behaviour for sites that have the same
compaction hazard.

Soil trafficability (and compactibility) is largely dependant on clay content and
behaviour, and moisture status at the time of operations. The standard texture key
currently in use has large ranges in clay content for various classes that are then used in
the compaction hazard key. For, example SiL ranges from 0 to 28 % clay.  Clay
mineralogy and particle shape also affect the plastic behaviour of a soil. These
considerations, and the need for better descriptions of conditions at the time of
operations, highlight the need for new methods that could better characterize sites in
terms of their trafficability for operations, and also their susceptibility to subsequent
permanent damage from that traffic

Soil consistence describes the attributes of soil material as expressed by the degree of
cohesion and adhesion, or in resistance to deformation (SSSA. 2001). Soil consistence
varies with water content and soil characteristics through a range of states including solid,
semi solid, plastic and liquid (McBride, 2002). When soil is in a plastic state, i.e. when it
can be moulded or deformed continuously and permanently into various shapes (SSSA,
2001), it is most susceptible to compaction. Simple hand tests and a discussion of the use
of soil plasticity in site assessment are presented by Curran et al. (2000). The tests are
similar to those that form the basis of the unified soil classification scheme used by
engineers to describe soil behaviour, and are expected to provide information that will
improve predictions of soil response to machine traffic. Such information could be used
immediately prior to or during harvest operations to improve decisions about whether
soils are strong enough to support machinery without suffering compaction.

Concepts for evaluating soil compaction
The most commonly used measure to evaluate soil compaction is the dry bulk density,
but using bulk density to predict effects of soil disturbance on productivity in forest soils
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has often proved to be of limited value. The difficulties arise from a number of issues,
including:

- high variability of bulk density in forested soils of BC
- the difficulty in obtaining samples to provide accurate estimates of Bd in stony

soils, and
- the lack of detailed information on thresholds and limiting values for a range of

soil types.

Bulk density is strongly affected by soil organic matter and particle size distribution, and
to a lesser extent for most soils in BC, by the nature of the soil mineral component.
Because bulk density varies with these properties, using bulk density alone as a predictor
of growth response leads to different relationships for each unique soil type, which
complicates the development of general interpretations (Hakansson and Lipiec, 2000).
Daddow and Warrington (1983) partly addressed such considerations by developing
threshold bulk density as a function of soil texture.

To more completely address difficulties interpreting bulk density data, the relative bulk
density (RBD: i.e. the bulk density related to a standard bulk density derived from a
compaction test) was used as a measure of compactness (Hakansson 1990; da Silva et al.
1994). Where RBD exceeded approximately 0.85, crop yields suffered (Carter, 1990).
The reference bulk density was either the standard Proctor test (ASTM 2000) or a
uniaxial compression test (Hakansson 1990). The uniaxial compression test used by
Hakansson (1990) produced lower values for the reference state, so the results from these
two methods are not directly comparable.

Measures of the pore size distribution such as total porosity and aeration porosity have
been suggested as more sensitive alternatives for evaluating compaction. This approach,
which normally relies on determining the soil moisture characteristic relationship, differs
from simple determinations of bulk density because it addresses the need for information
on limiting thresholds for specific soil processes, i.e. water infiltration / storage, aeration
and root growth. For many forest soils in BC, aeration is thought to limit growth on
compacted soils; research suggests that 10 percent air filled pore space is required for
roots to receive adequate aeration (e.g. Wall and Heiskanen 2003). Aeration porosity is
defined as the pore spaces drained at water potential of either 5 or 10 J/kg. In general, it
describes the proportion of the soil volume that will become air filled as a result of
drainage within a few hours of a soaking rain. Despite its apparent usefulness, evaluating
the pore size distribution relies on the collection of undisturbed core samples, and is
limited by similar constraints as were described for bulk density, including a high degree
of variation, and difficulty in obtaining samples from stony soil.

An air pycnometer was used to determine the air-filled porosity of samples in the field
(McNab et al. 2001). This method may provide a rapid means to evaluate total and air
filled porosity. Problems related to collecting undisturbed samples from stony soils are
similar to those for bulk density and water retention, but the use of an air pycnometer
would have one major advantage: results would be available in the field. Repeated
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measurements would be needed to develop relationships between water content and air-
filled porosity.

Soil mechanical resistance to a cone penetrometer is also used in studies of soil physical
condition (e.g. Landsberg et al. 2003).  Use of the cone penetrometer was discussed by
Greacen and Sands (1980), who concluded that cone index values near 2500 kPa could be
used as a growth – limiting threshold beyond which soil is too strong for plant roots to
penetrate. Cone penetrometers have an advantage over many other measures because they
provide data quickly, are highly correlated with bulk density, thresholds for root growth
have been developed, and the results are available in the field (Figure1, 2). Despite this,
penetrometers do not work well in stony soils. Also, the close association between soil
mechanical resistance and soil water content (e.g. Smith et al. 1997; Mapfumo and
Chanasyk, 1998) requires that water content be determined at the same time as
penetrometer tests are carried out.

A comprehensive description of the rooting environment may be obtained through use of
the least limiting water range (LLWR), which describes the range of soil moisture content
where plant roots can grow relatively free of limiting factors related to water availability,
soil mechanical resistance, and aeration. The LLWR is a soil property that can be
determined through laboratory and field tests, and integrates, into a single value,
limitations to root growth caused by water availability, aeration, and soil resistance (i.e. it
addresses both thresholds and growth limiting values). The LLWR concept was
developed by Letey (1985). Hakansson et al. (1988) applied the concept to traffic-caused
compaction for agricultural soils, and the concept has been used to describe soil physical
quality of agricultural soils in Ontario by da Silva et al. (1994) and forest soils in new
Zealand (Zou et al. 2000). It was also used to describe the sensitivity of forest soils to
degradation in South Africa (Smith et al. 1997). The effect of LLWR on critical values of
water content is shown in Figure 3.

Approach
1. Stratify sites according to plasticity, ideally determined prior to harvest, and focus

on the more plastic (more sensitive) soils.
2. Carry out soil conservation surveys on harvested areas. Only areas with

significant soil disturbance need be studied in further tests.
3. Field screening using (1) soil penetrometer, (2) water content measurement, and

(3) air filled porosity. Tests (1) and (2) are intended to determine the relationship
between soil strength and water content, as illustrated in Figure 1, which shows
that compacted soils have higher soil mechanical resistance for a given value of
water content. Curves would be made available for a variety of soils with a range
of textures, and organic matter content. Test (3) would evaluate the aeration status
and total porosity of the soil, based on a number of samples from the site. If these
tests indicate a problem, continue to step 3

4. collect core samples for bulk density, Proctor compaction, and water retention
analysis. Carry out lab determinations, and analysis

5. summarize results presenting compaction status and expected effects on
productivity based on LLWR, RBD, and other measures.
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Field methods
Soil plasticity during harvest planning
Dig a small pit and sample the wettest soil in the top 30 cm of the mineral soil, squeeze
this soil hard in your hand to form a cast that looks like a bicycle handle-grip. You should
check about five pits in separate site locations to decide if and where site conditions are
most favourable for mechanical operations on a particular day. (Hand tests have not been
developed for sites dominated by forest floors or organic soils > 20 cm.)

Two interpretations are made, depending on soil consistence. In each case, the primary
criterion is how much of the hand that contacted the squeezed cast is now moist, and
provided the cast will easily break apart.

Site characterization and stratification
– as described in soil conservation surveys guidebook
– document site conditions at time of harvest and soil plasticity

Evaluation: Field screening
Soil water content can be determined at the same locations and on the same dates as soil
mechanical resistance. Determine volumetric water content using a ThetaProbe soil
moisture sensor (Delta T Devices 1999). The ThetaProbe (Figure 4, 5) generates a 100
Mhz frequency signal, which extends to the soil through four metal rods, and forms a
standing wave voltage, which is proportional to the apparent dielectric constant of soil,
and to the volumetric water content.

Soil mechanical resistance (Bradford 1986) can be measured using a hand-pushed 13-mm
diameter cone (30o) penetrometer with data logger (e.g. Agridry Rimik PTY Ltd.,
Toowoomba, Queensland, Australia). Measurements can be made to a depth of 40 cm or
more to characterize the entire root zone. Where soils are stony (up to ca 25% coarse
fragment content), the mini penetrometer may be more successful (Figure 6). The mini
penetrometer is a hand-pushed cone penetrometer (30o cone angle; 4 mm diameter base)
attached to a hand-held force gauge (Transducer Techniques Ltd. Temecula, California,
USA) To measure soil mechanical resistance with the minipenetrometer, create a shallow
excavation to a depth of 20 cm ( or other depth of interest). Push the probe horizontally
through the soil of an undamaged face at a speed of approximately 15 mm s-1, and record
the average force required for the probe to penetrate over a distance of approximately 50
mm, with measurements beginning after the probe has penetrated approx 10 mm into the
surface. For reliability, values for soil mechanical resistance should reflect an average of
five readings obtained at each sampling point and time.

Air-filled porosity can be determined at the same locations and on the same dates as soil
mechanical resistance and volumetric water content, using an air pycnometer (Danielson
and Sutherland, 1986).

Evaluation: Detailed measurements
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Soil bulk density can be determined on intact soil cores (Blake and Hartge 1986) using a
drop-hammer sampler and a 10 cm diameter by 7 cm deep core.  Soil samples for bulk
density determination should be dried and coarse fragments (diameter >2 mm) within the
sample screened out and weighed.  Calculate fine fraction soil bulk density as the mass of
dry, coarse fragment free mineral soil per volume of field-moist soil, where volume is
also calculated on a coarse fragment free basis. Retain individual bulk density samples
for determination of total C or LOI), and particle size distribution.

Soil water retention characteristics can be determined on undisturbed cores 5 cm
diameter by 2 cm deep. Analyze for water content at 5, 10, 33, 100, 300, and 1500 J kg-1
using a pressure plate apparatus (Klute 1986). Following analysis, sieve the soil core
material, and present the results for total porosity, aeration porosity at 10 J kg-1, and
available water storage capacity (AWSC) on the volume of the fine fraction only.

The sieved, air-dry soil samples obtained for the bulk density determination and water
retention analysis are subsequently analyzed for total C. Total soil C can be determined
by a dry combustion method (Nelson and Sommers 1982) using an automated Fisons
NA-1500 analyzer.

Maximum bulk density can be determined using the standard Proctor test (American
Society for Testing Materials 2000, i.e. ASTM D698-00a, method A).  Relative bulk
density = field bulk density / maximum bulk density

Next steps
To implement more widespread use of these methods, the following work is needed:

1. Resistance density moisture curves need to be developed for a variety of soil
textures and organic matter content (e.g Figure1, 2).

2. Evaluate the extent to which relationships between strength and moisture
generated in the lab in small cores relate to field conditions.

3. Determine relationships among air-filled porosity, water content and bulk density
for a range of soils and disturbance types.

4. Evaluate the expected soil moisture status of harvested sites from a variety of
biogeoclimatic subzones and site types to predict the extent to which varying soil
moisture will lead to conditions outside the LLWR

5. Derive productivity / LLWR / RBD relations for LTSP and other research sites to
calibrate the system,.

Conclusion
Methods are presented to improve efforts for preventing and evaluating soil compaction
on managed forests in British Columbia.

The use of moist consistence (plasticity) during harvest planning will improve our ability
to recognize sensitive sites and prevent damage, as well as provide important contextual
information for site stratification during more detailed studies. The compaction
evaluating system may have application in special situations and for research into the
effects of forest management practices and policies on forest productivity
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A description of the scientific concepts, a process for their use, and field methods are
described.

Next steps are provided, some of which will be addressed in ongoing research supported
by Forestry Innovation Investment
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Figure 1. Relationship between soil mechanical resistance and soil moisture content.
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Figure 2. Relationship between soil mechanical resistance and bulk density.
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Figure 3. Water content associated with key growth limiting values of aeration,
water availability, and soil mechanical resistance for soils compacted  to various
levels of relative bulk density.
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Figure 4. Theta probe and meter for determining volumetric water content
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Figure 5. Theta probe for determining volumetric water content.

Figure 6. Mini penetrometer for determining soil mechanical resistance.


